This paper reports the improvement of rectification effects in diffuser/nozzle structures with viscoelastic fluids. Since rectification in a diffuser/nozzle structure with Newtonian fluids is caused by inertial effects, micropumps based on this concept requires a relatively high Reynolds numbers and high pumping frequencies. In applications with relatively low Reynolds numbers, anisotropic behavior can be achieved with viscoelastic effects. In our investigations, a solution of dilute polyethylene-oxide (PEO) was used as the viscoelastic fluid. A microfluidic device was fabricated in silicon using deep reactive ion etching (DRIE). The microfluidic device consists of access ports for pressure measurement, and a series of ten diffuser/nozzle structures. Measurements were carried out for diffuser/nozzle structures with opening angles ranging from 15 • to 60 • . Flow visualization, pressure drop and diodicity of de-ionized (DI) water and the viscoelastic fluid were compared and discussed. The improvement of diodicity promises a simple pumping concept at low Reynolds numbers for lab-on-a-chip applications.
I. INTRODUCTION
After almost two decades of development, fluid delivery still remains as one of the most important topics of microfluidics. Although numerous research activities on micropumps has been reported in the past [1, 2] , commercially available lab-on-a-chip systems still rely on external pumps for fluid delivery. The major hurdles for the integration of micropumps on a lab-on-a-chip platform is the complexity and the corresponding cost as well as the high failure rate. Moving parts such as valves and actuators are the main factors leading to the complexity and failure of micropumps. Different concepts of both passive and active microvalves were recently reviewed by Oh and Ahn [3] .
Valveless concepts such as pumping using flexural plate waves [4, 5] and rectification structures are attractive for integration in lab-on-a-chip(LOC) platforms because of their simple fabrication and the absence of moving parts. The diffuser/nozzle is a well-reported structure with rectification properties. The rectification effect was reported by Stemme and Stemme [6] using nozzle/diffuser machined in brass. Gerlach and Wurmus [7] reported the same effect with nozzle/diffusers which are anisotropically etched in silicon. This rectification effect was later used in micropumps [8, 9] . For a compact design, planar diffuser/nozzle structures were etched in silicon [10] . This planar diffuser/nozzle structure was also implemented in micropumps [11] . Another interesting planar structure with rectification property is the Tesla valve [6] . The Tesla valve is a microfluidic network with a side loop joining the main channel at a sharp angles. The rectification properties can be optimized by the radius of the loop and the join angle [14] . The rectification effect in the above structures is caused by the anisotropy of pressure drop across these structures. For Newtonian fluids, this anisotropy relies on the inertial effects and thus can only function effectively at relatively high Reynolds numbers. Detailed investigations of the effect of opening angle on the rectification behavior were recently reported by Sun and Yang [15] .
Recently, Groisman et al. [16] reported the use of non-Newtonian viscoelastic fluids for realizing microfluidic memory and control devices. The anisotropy of pressure drop versus flow rate was reported in more details later by the same author [17] . Groisman et al.
used an aqueous solution of 0.01 weight-% of polyacrylamide, sucrose, NaCl and surfactant Tween 20. The test device was fabricated in polydimethylsiloxane (PDMS). Only one type of diffuser/nozzle structure with an opening angle of approximately 60
• was investigated.
In this paper, we investigate another type of viscoelastic fluid which consists only of 0.1 w% poly(ethylene-oxide)(PEO) diluted in water. Furthermore, the effect of opening angle are also investigated. The microfluidic devices were fabricated in silicon and glass. These hard device materials minimize the possible nonlinear effects caused by soft material such as the elastomer PDMS used in [17] . While the diffuser/nozzle structure reported in [17] was rather arbitrary, we investigate in this paper the influence of the opening angle of the diffuser/nozzle structure on the rectification property. A set of devices with opening angles of 15
• , 45
• and 60
• were characterized and compared. Results from this investigation shows the potential of utilising viscoelastic fluids with optimized diffuser/nozzle structures for simple and efficient pumping in LOC platforms.
II. DEVICES AND MATERIALS
A. Fabrication of test devices The photo resist layer was then exposed and developed with the first mask with the channel structures, Fig. 2(a) . The channel structures were subsequently etched 50 µm into the silicon substrate using deep reactive ion etching (DRIE), Fig. 2(b) . The etched depth was measured with a profiler before stripping the photo resist layer. After stripping the AZ1521 layer on the front surface, a second AZ1521 layer was spin coated and exposed using a second mask with the access holes, Fig. 2(c) . A carrier wafer was spin coated with a thin layer of the photo resist AZ4620 for temporary bonding of the front surface to the carrier wafer.
Subsequently, the back surface was etched until the access holes met the channel structures on the front surface, Fig. 2 
(d).
The resist on the back surface and the carrier wafer were then released in an acetone bath. Subsequently, the silicon wafer was anodically bonded to a glass wafer, Fig. 2 (e). Finally, the wafer was diced into single 1 cm×1 cm test devices. Figure   3 shows the fabricated channel structures with their dimensions. In contrast to the designs reported in [17] , the sharp corners in our diffuser/nozzle structures are rounded with a radius of 20 µm for the 15 where the characteristic shear rate isγ
and λ is the relaxation time of the viscoelastic fluid measured in shear,ū is the average flow velocity, H = 50 µm is the channel height, W is taken at the narrowest place o f a structure, e.g. W = 40 µm for 15
• and W = 80 µm for other angles,Q is the volumetric flow rate. In the following experiments, the Reynolds number is defined as
At the microscale, the shorter characteristic time of the flow results in a higher Deborah number, and thus dominant elastic effect. The ratio between fluid elasticity to fluid inertia 
is called the elasticity number. From (1) and (3), the elasticity number can be determined as:
The viscoelastic fluid employed in our experiment consists of 0.1 wt% PEO in DI water. Pa.s, respectively.
In general, rectification in a diffuser/nozzle structure with Newtonian fluids is caused by inertial effects at higher Reynolds numbers. Due to the small channel geometry, a relatively large flow rate is required to achieve inertia dominated effects. At the same time, the small geometry leads to a larger Deborah number, where elastic behaviour of non-Newtonian fluids becomes dominant. As mentioned above, the relative dominance of elastic to inertial effects is characterized by the elasticity number (El = De/Re). In our experiments, the elasticity number on the order of 1000 indicate a strong elastic effect, which will significantly affect the rectification behaviour of the diffuser/nozzle structure. 
DVD803E) was used to capture the flow visualized by the fluorescent particles. The images
can be stored on a DVD on the camcorder or transferred directly to the computer over a universal serial bus (USB) interface.
III. RESULTS AND DISCUSSIONS
A. Flow visualization sensor, measurements can only be carried out at lower flow rates and Reynolds number as compared to DI-water. At the relatively low Reynolds number shown in Fig. 6 , no flow separation and recirculation due to inertial effects can be observed in the nozzle direction.
However, Fig. 6 shows recirculation at the sudden constriction at higher flow rates. These vortices grow with increasing flow rate and are a clear indication of the viscoelastic effect.
These recirculations do not exist in the nozzle direction. Furthermore, the size of the vortices relative to the size of the diffuser/nozzle structure increases with increasing angles. Thus, a significant rectification is expected if viscoelastic fluids are employed in the test devices.
This viscoelastic effect becomes more significant at higher opening angles.
B. Pressure measurement
As mentioned in the previous section, the pressure drop across the diffuser/nozzle structures were measured automatically by a customized program that controls the syringe pumps and records the sensor output. Due to the different viscosities and the limited range of the pressure sensor, DI-water and the PEO 0.1 wt% solution were characterized with flow rate ranges of 0 to 20 ml/hr and 0 to 5 ml/hr, respectively. Figure 7 shows the measured results of DI-water in the four different diffuser/nozzle devices. The straight slope indicates the Newtonian behavior of the liquid. At the same flow rate, the pressure drop in the nozzle direction is slightly higher than that in the diffuser direction. Thus a small rectification effect can be expected for DI water. To quantify the rectification effect of the tested structures, the concept of diodicity was used. The relation between the pressure drop and the average flow velocityū =Q/(W H) may be written as:
the pressure loss coefficient can be determined for each average flow velocity as: The ratio between the loss coefficients of nozzle direction and diffuser direction is called the diodicity [20] : Figure 10 shows the diodicities as a function of the opening angle α. Since the diodicity is also a function of flow rate or Reynolds number and is approximately constant only at higher Reynolds numbers. For DI-water, the diodicity at 11 ml/hr was selected. Even at this relatively high Reynolds number, the diodicity is small. A maximum diodicity at α = 30
• can be observed. If the diffuser/nozzle structure is used as the flow rectifier in a micropump, the diffuser direction is the pumping direction. The diodicity of PEO 0.1 wt% solution was taken at 2 ml/hr. Even at this low Reynolds numbers (5.49 for 15
• and 3.8 for others), a large diodicity was achieved. It is interesting to note that at α = 15
• the diodicity is less than 1 indicating pumping in the nozzle direction if the structure is used in a micropump.
This diodicity can be explained by the weaker elastic effect (Fig. 6 ) compared to the inertial effect. Further understanding on the balance between elastic, inertial and viscous forces in a structure with small opening angle can be achieved by a detailed numerical simulation.
IV. CONCLUSIONS
We have presented the clear improvement of rectification effects in diffuser/nozzle structures using viscoelastic fluids. An array of 10 diffuser/nozzle structrures were fabricated in 
